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Problem Description
A Variable speed drive (VSD) plays an important role not only in industrial applications but also in
offshore applications, where high reliability is requested for subsea applications. Variable speed
drives are commonly used for energy saving and in some applications an increasing of the
productivity is achieved. The industry has begun to demand higher power equipment and for this
reason the VSD technology has experienced rapid changes towards improvement. The use of
multilevel inverters has emerged as the solution for working with higher voltage levels being an
attractive solution to control ac drives in the megawatt range. Subsea drives have become the new
trend of the drives technologies in the oil and gas sector. Currently and in order to have the drive
close to the load avoiding a long cable between them, the design of new subsea technologies are
relevant for the companies. Because of the importance for the oil and gas sector to have reliable
systems, it is thus of interest to study the performance of two control methods for VSDs with base
on speed and torque control response by the use of a simulation tool like PSIM.
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 Summary 
 
 
This work deals with analyses of the control for a subsea drive with multilevel inverter. The 
use of those drives have become the new trend for using of pumps/compressors at minor oil 
and gas reservoirs located far away from existing platforms.  
It is developed a general model for analyzing a variable speed drive with a multilevel inverter 
with the objective to verify the response of two control methods for a specific application. 
The simulation model is used to identify the performance of both methods in terms of speed 
response, torque ripple and transient behavior.  
Simulation models for multilevel inverter, induction machine and both control techniques are 
developed. A multilevel inverter and an induction machine have been used as prototypes. The 
design of the controllers has shown that the whole performance of the two control schemes is 
comparable. Those models are developed using PSIM simulation tool. 
Most of the results are related to the performance of the speed, torque ripple and transients 
behavior of both control methods when a 3kW 460V squirrel cage motor is fed from a 
cascaded H-bridge inverter. 
The main difference between the two control methods can be noted in the sensitivity of the 
parameters and the torque ripple. The implementation of them demands accurate information 
on motor parameters. However, parameters such as rotor and stator resistances may vary 
during operating conditions due to the temperature.  In that sense, modified direct torque 
control may have a better performance for practical implementations. However for 
applications where the estimation of the torque is very important, indirect field oriented 
control may have better results. 
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1. Introduction 
Offshore gas and oil resources located at long distances from existing installations are often 
exploited by use of subsea systems. Electrically driven wellhead pumps, compressors are the 
current alternatives to traditional water and gas injection for pressure augmenting 
requirements. In this context, the use of variable speed drives plays an important role in the 
oil and gas industry where high reliability is requested for subsea applications. Normally 
variables speed drives (VSDs) are placed on the platform and it is connected to the subsea 
load through a long cable. Due to this long cable resonance frequencies of the system may 
coincide with the harmonic generated by the switching frequency of the inverter. This long 
cable is important to the start-up and acceleration of the induction machine. Because of the 
long distance (20-50km) between them real time signal feedback from the subsea load should 
be avoided. In order to avoid those drawbacks, the industry has begun to demand higher 
power equipment and for this reason a new trend for subsea drives has taken place in the oil 
and gas industry. Besides that VSD technology has experienced rapid changes towards 
improvement. The use of multilevel inverters has emerged as the solution for working with 
higher voltage levels being an attractive solution to control ac drives in the megawatt range. 
As an example, a development of a 12.5MW subsea compression station in Ormen Lange 
which is a gas field located 120 km off the northwest coast of Norway in water depths 
between 850 and 1,100 meters has been carried out.  
High power inverters and medium voltage drives have been studied intensively since the mid-
1980s for industrial applications [1][2]. These inverters synthesize higher output voltage 
levels with a better harmonic spectrum and less motor winding insulation stress. Normally the 
medium voltage drives are available for ratings from 0,4MW to 40MW at the medium voltage 
level of 2,3kV to 13,8kV as is shown in figure 1.1 
 
 
 
Figure 1.1 Voltage and power ranges of industrial MV drives [3] 
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About 85% of industrial motors are squirrel cage motor and 80% of them are connected to 
supply via any type of power inverters be it a soft starter or variable speed drives (VSD) [4]. 
In the oil and gas sector high power pumps and compressors need to medium voltage drives 
(MVDs). There is a large variety of inverter topologies for MVDs. Three prominent 
multilevel topologies are known as diode-clamped (or neutral-point-clamped) [5], flying-
capacitor and cascaded multilevel inverters [6][7].   
For industrial applications only 15% of the installed drives are nonstandard drives. It is 
reported that 97% of the currently installed medium voltage motors operate at a fixed speed 
and only 3% of them are controlled by variable-speed drives [4].  
 
 
 
Figure 1.2 Medium voltage drives market survey [3] 
 
1.1 Background  
For drives with constant inertia, the mechanical system of the motor and its load can be 
described by a fundamental torque equation:  
 
                                                          ܶ ൌ ௟ܶ ൅ ܬ ௗఠ೘ௗ௧                                                             (1.1) 
 
where T is the instantaneous value of the developed motor torque and ௟ܶ is the instantaneous 
value of the load torque, ߱௠ is the instantaneous angular velocity of the motor shaft  and J is 
the moment of inertia of the motor and its load. Equation (1.1) shows that the torque 
developed by the motor is counter-balanced by a load torque, and a dynamic torque  ܬ ௗఠ೘ௗ௧  
which is present only during transient operation. The drive accelerates or decelerates 
depending on whether T is greater or less than ௟ܶ. During deceleration, the dynamic torque has 
a negative sign. Therefore, it assists the motor developed torque T and maintains the drive 
motion by extracting energy from the stored kinetic energy. It is thus, very important to 
control the torque and the speed for drives for different applications. Figure 1.3, shows the 
typical Torque-Speed curve of the typical three-phase induction motor. 
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Figure 1.3 Torque-Speed curve of the typical three-phase induction motor 
The control of induction machines can be divided into scalar and vector control. The general 
classification of the variable-frequency methods is shown in Appendix 1. In scalar control, 
which is based on relationships valid in steady state, only magnitude and frequency (angular 
speed) of voltage, current, and flux linkage space vectors are controlled. This method is 
somewhat easy to implement, but the coupling effect (both torque and flux are functions of 
voltage and frequency) gives a sluggish response. Contrarily, in vector control, which is based 
on relations valid for dynamic states, not only magnitude and frequency (angular speed) but 
also instantaneous positions of voltage, current, and flux space vectors are controlled. Thus, 
the vector control acts on the positions of the space vectors and provides their correct 
orientation both in steady state and during transients [8]. The vector control method can be 
implemented in several ways. The most popular methods, are the field-oriented control (FOC) 
and direct torque control (DTC), both methods give the induction motor high performance. 
In vector control method a dynamic model of Induction Motor is made so that it takes into 
accounts both the transient and steady state of the machine. The main idea of the vector 
control of an induction machines is based on making an AC induction machine behaves as a 
DC machine. Basically the voltages of an AC machine represented in stator αβ coordinates 
are transformed to synchronously rotating ‘dq’ coordinates so that the PI control on AC 
machines can be implemented. This is because AC varying quantities in steady state will be 
transformed to DC quantities in the ‘dq’ system. These results in a constant value in steady 
state on which PI control can be implemented [8]. 
1.2 Aim and Outline of the Thesis 
The aim of this work is to give a comparison emphasizing advantages and disadvantages of 
the two industrial standards for induction motors control -field-oriented control and modified 
direct torque control- with an H-bridge cascaded multilevel inverter and an induction motor 
with a subsea pump as a prototype. The performance of the two control schemes is evaluated 
in terms of torque, speed and current ripple, and transient response to step variations of the 
command. The analysis has been carried out on the basis of the results obtained by numerical 
simulations by using PSIM software. 
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The thesis is arranged in seven main chapters: This introduction is followed by an overview of 
medium voltage inverters in chapter 2. 
 
The scope of the work and the description of the systems used as prototypes are shown in 
chapter 3. 
 
A study of H-bridge cascaded multilevel inverter on the basis of state of the art topologies, 
modulation techniques and some simulation results are discussed in chapter 4. 
 
The theory of the vector control and direct torque control, as same as the features of the main 
schemes to control induction machines developed in the work are presented in chapter 5. 
 
The main simulation results and a comparison of the different control schemes based on their 
performance are shown in chapter 6. The conclusion and discussion are presented in chapter 
7. Finally a future work is proposed in chapter 8. 
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2. Medium Voltage Drives Background 
This chapter provides a brief background concerning the effects of the long cables for 
offshore motor drive applications and an overview of medium voltage inverters based on it is 
state of art is also presented.  
2.1 Effects of Long Cables for Offshore Applications 
Because of the increasing of the reservoirs of oil and gas that have been found in the ocean, 
pumping oil from these reservoirs is a challenge that the oil industry is facing today. Subsea 
cables have been used to feed subsea systems from sources on the topside. However, due to 
wide applications of variable speed drives (VSDs) in offshore applications, the system 
normally contains a certain amount of harmonic currents. These harmonics could interact with 
subsea cables and cause parallel resonance and large harmonic distortions in offshore systems 
[1].  Normally subsea pumps are efficient in producing oil of gas [2]. And according with [3] 
practically the unique issue for ESP systems is inaccessibility after installation. Therefore, it is 
very important to guarantee high reliability in the ESP system performance.  
2.2  Application Issues for Drives  
A typical configuration of a variable speed drive driving a subsea pump using long cable leads 
is shown in figure 2.1. 
 
Figure 2.1 Variable speed drive driving a subsea pump using long cable leads 
 
 Long cable lengths contribute to a damped high-frequency ringing at the motor terminals 
due to the distributed nature of the cable leakage inductance and coupling capacitance (L-
C), which result in overvoltage and further stress the motor insulation.  
 
 Variable speed drives provide flexible control on the operation of subsea systems with 
typical operating frequency ranging between 50 and 70 Hz, but the harmonics generated at 
the output of a VFD could interact with the subsea cable and create a series resonance 
condition at the load side of the drive [4]. 
 
 The impedance of the subsea cable could introduce a significant voltage drop during 
motor starting and cause the motor starting difficulty if the subsea pump system is not 
properly designed.  
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 On long cables PWM pulses traveling between the inverter and the motor behave like 
traveling waves on transmission lines. Forward-traveling waves, or PWM pulses, travel 
from the inverter to the motor, while backward- traveling waves move toward the inverter 
due to voltage reflection. 
 
 Voltage reflection is a function of inverter output pulse rise time and the length of the 
motor cables, which behave as a transmission line for the inverter output pulses. The 
PWM pulses travel at approximately half the speed of light (150-200m/µs),  and if the 
pulses take longer than half the rise time to travel from the inverter to the motor, then a 
full reflection will occur at the motor and the pulse amplitude will approximately double 
[5]. 
 
 Filters are needed in order to reduce the adverse effects of the long cable. Some filters are 
designed to terminate the long lead cable with the cable surge impedance to reduce over 
voltage reflections, ringing and the dv/dt at the motor terminals [6]. 
 
 Because of the issues and drawbacks of using long cables between the variable speed 
drive and the subsea system described above, some companies have started working on 
subsea medium voltage variable speed drives. Because of after installation is hard to 
access to the system, it is necessary to guarantee a high reliability for these kind of drives. 
2.3 Overview of Medium Voltage Drives 
Recently Voltage source multilevel inverter topologies have drawn tremendous interest in the 
power industry because of they can be extended the application of power electronics systems 
to higher voltage and high power ratios. The application of multilevel inverters has been very 
attractive for medium to high voltage range (2-13kV) applications such as: motor drive 
systems [7], power distribution, power quality and power conditioning applications [8]. The 
advantages of the multilevel inverters compared to conventional two-level inverters can be 
summarized as: higher voltage capability, reduction of input and output harmonic content, 
lower switching losses, higher amplitude fundamental and lower dv/dt. However, some 
disadvantages of multilevel inverters include voltage unbalance difficulties, unequal current 
stresses, and higher implementation cost and a reduction of the reliability and efficiency of the 
inverter the due to an increasing number of devices. 
Today there is a wide variety of inverters for medium voltage drives. For low and medium 
power industrial applications the majority of the drive manufacturers offer different 
topologies of voltage source inverters, those topologies are discussed in the next section. 
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2.3.1 Medium Voltage industrial drives 
Three main topologies of multilevel inverters have been successfully implemented as standard 
products for medium voltage industrial drives: the Three-Level Neutral Point Clamped [9], 
the Four-Level Flying Capacitor [10], and the cascaded H-Bridge [11]. In medium voltage 
applications, the Three-Level Neutral Point Clamped topology has been accepted by several 
manufacturers such as ABB which is using this topology in both their ACS 1000 [12] and 
ACS 6000 series. The Four-Level Flying Capacitor is attractive if a very high switching 
frequency, a low harmonic distortion, and a small output filter or a high output voltage is 
required [13]. One of the manufacturers of drives Alstom, has adapted this topology for VDM 
6000 series.  
The cascaded H-bridge topology uses low-voltage blocking devices (e.g. 1700V IGBTs) with 
a high switching frequency capability. It typically consists of three to six equal H-bridge cells 
per phase, which results in a seven to thirteen levels output voltage waveform. Perfect 
harmony developed by Siemens uses this kind of topology [14]. 
Figure 2.2 shows the pictures of an medium voltage drive (4,6kV, 1,2 MW) composed by a 
three level neutral point clamped developed by ABB (left) and a cascaded H-bridge topology 
developed by Siemens (right). 
 
 
 
Figure 2.2 Left: Three level neutral clamped inverter (ACS1000) and right: Cascaded H-bridge 
inverter (Perfect harmony) 
 
Table 2-1 summarizes the available industrial medium voltage drive applications offered by 
drive manufactures [15]. Normally the medium voltage drives cover power ratings from 
0.2MW to 40MW at the medium voltage level of 2.3kV to 13.8kV. 
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Manufacterer Type Power (MVA) Topology 
ABB 
ACS 1000 0,3-5 Three level neutral point clamped 
ACS 5000 5,2-24 Multilevel cascaded H-bridge inverter 
ACS 6000 3,0-27 Three level neutral point clamped 
Allen Bradley Power Flex 7000 0,15-6,7 Current source inverter (CSI) 
Alstom 
VDM 5000 1,4-7,2 Two level voltage source inverter
VDM 6000 0,3-8 Four level flying capacitor 
VDM 7000 7-9,5 Three level neutral point clamped 
General Electric 
Dura-Bilt5 MV 0,3-2,4 Three level neutral point clamped 
MV-GP Type H 0,45-7,5 Multilevel cascaded H-bridge inverter 
Siemens 
Perfect Harmony 0,2 - 31 Multilevel cascaded H-bridge inverter 
Simovert-MV 0,6 - 7,2 Three level neutral point clamped 
Simovert-S ≥10 Load commutated inverter 
 
Table 2.1 some of the available industrial medium voltage drives on the market [15] 
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3. Scope of the Work 
This chapter describes some considerations made during the realization of the project and the 
main description of the systems used to carry out the present thesis.  
3.1 Initial Considerations 
At the beginning of the project it was proposed to work on control of subsea drives using 
predictive control. The idea consisted in compare two control techniques: a conventional field 
oriented control and a field oriented based on predictive control. During the last decade lots of 
publications on predictive control have been published. Some of them are improvements or 
enhancements of control methods published earlier [1], whereas other authors have proposed 
new ideas [2][3], but even these in most cases are further developments or combinations of 
fundamental predictive control algorithms. The typical configuration of a predictive controller 
is shown in figure 3.1. 
Prediction and 
calculation
Multilevel 
Inverter IM
Machine and 
Inverter model
Switching state
Actual machine state Measurements
 
Figure 3.1 Typical configuration of a predictive controller 
The figure shows that the state variables (chosen measurements) of the drive are fed into a 
model of the machine and the multilevel inverter. The information derived from the model is 
given to a block called “prediction and calculation”. This block can be regarded as the heart of 
a predictive control system. Comparing the actual machine state with the reference value of 
the drive position, the correct switching state of the inverter will be chosen corresponding to 
the implemented optimizing criteria, for example can be the minimum switching frequency, 
the minimum current distortion or the minimum torque ripple [4] [5] [6]. 
From a literature review it was found that, there are several predictive control strategies and 
they can be divided in three main groups hysteresis based, trajectory based and model based 
predictive control. The different family of strategies belonged to these main groups are shown 
in figure 3.2. 
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Figure 3.2 Family strategies based on predictive control [4] 
Control methods with trajectory or hysteresis based algorithms are intensively related to each 
other. Model based control is founded on completely different strategies and forms a family of 
its own. With base on the above description of predictive control and the literature review 
made at the beginning of the present work, two reasons allowed giving up the idea of working 
with predictive control. Firstly the implementation of this method is complex when multilevel 
inverters are used, because of the number of switching states generated [7]. The other reason 
was the weak mathematical background related to solve optimization problems [8][9]. The 
most relevant literature found related to this topic was based on PhD dissertation thesis and 
papers [10][11][12]. Therefore, the main conclusion in the first period of the thesis was that 
the time to develop these ideas in the project (six months) was not long enough and thus, 
other methods were explored to control drives and they are described in the following 
chapters. 
 3.2 System Description 
As the aim of the work is to compare two control methods for a drive with a multilevel 
inverter with a subsea pump as a load (see figure 3.3), the description of the elements used in 
the project is presented below. 
 
Figure 3.3 Description of the system 
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3.2.1 Induction Motor 
The subsea load is composed by a three phase induction motor and a pump configuration, it 
normally is called ESP (Electric submergible pump). Due to the narrow confines in which this 
motor must be used, the motor construction is very specialized. It is also common to connect 
multiple smaller motor / pump configurations in series to achieve the necessary power and 
torque required to meet the necessary flow rates. The conditions in which these motors and 
pumps must operate are also extreme. High temperatures and pressures are to be expected as 
well as the corrosive nature of the materials pumped which can not only contain a high sand 
content but other materials as well required in the process such as CO2 [13].  A three phase 
induction motor is used as a prototype in the present theoretical work. Parameters are shown 
in table 3.1. 
Parameter Value 
Rated output power (kW) 3 
Frequency (Hz) 50 
Rated voltage (V) 460 
Rated speed (RPM) 1460 
Stator winding resistance (Ώ) 0,294 
Stator winding leakage inductance(mH) 1,39 
Rotor winding resistance (Ώ) 0,156 
Rotor winding leakage inductance (mH) 0,74 
Magnetizing inductance (mH) 41 
No of Poles 4 
Rated torque 36Nm 
Moment of Inertia (kg m²) 0,05 
 
Table 3.1. Parameters of the induction motor 
3.2.2 Load Torque 
The load on the motor shaft is a subsea pump which is variable torque load and the required 
torque to drive the load increases proportional to the square of speed.  Disregarding the torque 
behavior for starting periods, the relationship between speed and torque is illustrated in Figure 
3.4. 
 
 
Figure 3.4 Typical Torque-Speed characteristics of a pump 
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The constant K can be found by the relation of the rated torque and the nominal speed. Due to 
an increase in the fractional oil volumes the load torque can vary. Therefore some variations 
in the torque are taken into account in order to evaluate the performance of the controller. 
Numerical values and more details about the load are studied in more detail in chapter 6. 
3.2.3 Multilevel Inverter 
With base on the description of the main industrial drives made in chapter 2, and for 
modulation simplicity a five level cascaded H-bridge is chosen as the inverter topology of the 
drive. Although this topology is not commercial, the theoretical analysis made in the work can 
be extended for other topologies.  A single phase of this topology is shown in figure 3.5 
  
Figure 3.5 Single phase five- level cascade H-bridge inverter 
With E=190V generating five level voltages per phase, carrier frequency of 10kHZ and 
assuming ideal IGBTs, it is possible to supply the motor described in section 3.2.1. A better 
understanding of modulation techniques and features of this topology theory is described in 
chapter 4. 
3.2.4 Control Techniques 
For drives located on the topside and connected to the load through a long cable, a rotor 
position indicator is used. With the measurements of the amplitude of the stator and rotor 
current and the rotor position, vector control can be used. Using vector control the speed and 
torque can be controlled independently and the current and voltage harmonics can be kept at a 
low level. Normally the motor currents and voltages and the rotor position are measured by 
using an advanced estimation state of the cable and induction motor parameters. The vector 
control can be extended for subsea drives and is the aim of this thesis to compare to different 
control techniques performance. Nowadays direct torque control and field oriented control 
have been widely used in industry applications. Those methods are studied in detail in chapter 
5 and main simulation results are presented in chapter 6. 
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4.Cascaded H-bridge Multilevel Inverters 
Multilevel inverters are power electronic systems that synthesizes a desired output voltage 
from several levels of dc voltages as inputs. The term multilevel starts with the three-level 
inverter introduced by Nabae et al. [1] with an increasing number of dc voltage sources, the 
converter output voltage waveform approaches a nearly sinusoidal waveform while using a 
fundamental frequency-switching scheme. In order to do that, multilevel inverters include an 
array of power semiconductors and capacitor voltage sources, the output of which generate 
voltages with stepped waveforms.  Some of the most attractive features discussed in the 
literature reviewed [2] about of multilevel inverters are as follows: 
 They can generate output voltages with extremely low distortion and lower  . 
 They draw input current with very low distortion. 
 They can operate with a lower switching frequency.  
 
In this chapter, special attention is focused on the main features of multilevel cascaded H-
bridge inverter, different kind of modulation techniques based on carrier based PWM such as: 
phase-shifted and level-shifted modulations are analyzed and their performance is compared. 
4.1 Single Phase H-bridge Cells 
Cascaded H-bridge multilevel inverter is composed of a multiple units of single phase H-
bridge power cells as shown in fig 4.1.  These cells are normally connected in cascade on their 
ac side. In practice, the number of power cells in a CHB inverter is mainly determined by its 
operating voltage and manufacturing cost. This kind of topology requires a number of isolated 
dc supplies, each of which feeds an H-bridge power cell. The dc supplies are normally 
obtained from multipulse diode rectifiers. For the five, seven and nine-level inverters, 12, 18 
and 24 pulse diode rectifiers can be employed respectively. 
 
 
                                  
Figure 4.1 Single phase H-bridge inverter 
One of the advantages of this topology is the ability to synthesize higher number of output 
voltage levels with an excellent harmonic spectrum using low cost and low voltage power 
semiconductors and capacitors. However, drawbacks of this topology are the large number of 
power cell devices and of voltages required to supply each cell with a complex and expensive 
isolated transformer. 
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4.2 H-bridge Cascaded Topologies 
As is known the H-bridge multilevel inverter uses different cells connected in series chain to 
produce high ac voltage with low distortion currents. The number of cells is chosen typically 
from 2 to 5, for the worldwide standard machine voltage 2,3kV to 7,2kV. For example for two 
power cells per phase, the circuit can produce five distinct phase voltage levels. There are 
several families of H-bridge cells with the same input voltage (460V,630V and 690V) that are 
able to produce (800V, 1100V and 1200V) line to line output voltages for rated currents 
ranging from 70A to 1000A [3]. Nowadays different kind of topologies based on H-bridge 
cascaded are available in the industry, those, are summarized in table 4.1. 
 
Drive Switching device Power range Manufacterer 
 Robicon (perfect harmony)  
IGBT 
0,3MVA-22MVA Siemens 
Tosvert- MV              0,5MVA - 6MVA Toshiba 
Innovation MV-GP type H   0,45MVA - 7,5MVA General electric 
 
Table 4.1 Summary of industrial drives based on H-bridge multilevel inverters 
As an example for the Robicon Perfect harmony, in order to produce a 4,16kV, four cells in 
cascaded are used per phase, and to generate 6,6kV to 7,2kV, six power cells per phase, are 
connected in series. However a five level inverter (two cells per phase) is used as a prototype 
in the present work. It is shown in figure 4.2.  
 
Figure 4.2 Five- level cascade H-bridge inverter 
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The cascade inverter in the figure above can produce a phase voltage with five voltage levels. 
The resultant inverter phase voltage is UAN = UH1 + UH2, which is the voltage at the 
inverter terminal A with respect to the inverter neutral N. The output voltage can be 0, ±E, 
±2E. The voltage levels which correspond to various switching states are summarized in table 
4.2. It can be observed from the table that some voltage levels can be obtained by more than 
one switching state. These redundancies are common in multilevel inverters. It provides a 
great flexibility for switching pattern design, especially for space vector modulation schemes. 
In a general way If H is the number of single-phase H-bridges per phase, the number of levels 
of the inverter is: 
                                                   ݉ ൌ ሺ2ܪ ൅ 1ሻ                                                                    (4-1) 
The voltage level m is always an odd number for the Cascade H-bridge inverter while in other 
multilevel topologies such as diode-clamped inverters it can be either an even or odd number. 
This arrangement is called and Order-1 configuration [4].  
There are other topologies of inverters where the dc supply of the H-bridge power cells is 
different. This allows more voltage steps in the inverter output voltage waveform for a given 
number of power cells. As an example, if the dc source in H1 = E and the dc source of 
H2=2E, the number of levels is seven (3E,2E,E,0,-E,-2E,-3E). There are some drawbacks 
with this kind of unequal H-bridge inverter and basically is about the difficulty to design the 
switching pattern due to the reduction in redundant switching states for space vector 
modulation. Therefore, this topology has limited industrial applications [5]. 
 
Output voltage Switching state H1 cell voltage H2 cell voltage 
UAN S11 S31 S12 S32 UH1 UH2 
2E 1 0 1 0 E E 
E 
1 0 1 1 E 0 
1 0 0 0 E 0 
1 1 1 0 0 E 
0 0 1 0 0 E 
0 
0 0 0 0 0 0 
0 0 1 1 0 0 
1 1 0 0 0 0 
1 1 1 1 0 0 
1 0 0 1 E -E 
0 1 1 0 -E E 
-E 
0 1 1 1 -E 0 
0 1 0 0 -E 0 
1 1 0 1 0 -E 
0 0 0 1 0 -E 
-2E 0 1 0 1 -E -E 
 
Table 4.2 Voltage level and switching state of a five level cascaded H-bridge inverter 
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4.3 Modulation Techniques Based on Carrier Based PWM Schemes 
The carrier-based modulation schemes for multilevel inverters can be generally classified into 
two categories: phase-shifted and level-shifted modulations. Both modulation schemes have 
been simulated and compared each other. 
4.3.1 Phase Shifted Modulation 
In general, a multilevel inverter with m voltage levels requires (m–1) triangular carriers. In 
this kind of modulation, all the triangular carriers have the same frequency and the same 
amplitude, but there is a phase shift between any two adjacent carrier waves, given by: 
 
                                             ߮௖௥ ൌ ଷ଺଴
ל
௠ିଵ                                                        ሺ4.2ሻ 
                                                 
The gate signals are generated by comparing the modulating wave with the carrier waves. It 
means for the five level inverter, four are triangular carriers are needed with a 90° phase 
displacement between any two adjacent carriers. In this case the phase displacement of 
Ucr1=0°, Ucr2=90°, Ucr1- =180° and Ucr2- = 270°. As is shown in figure below: 
0 0.05 0.1 0.15 0.2
Time (s)
0
-0.5
-1
0.5
1
Vcr1 Vcr1_ Vcr2 Vcr2_ Vs
 
Figure 4.3 Modulating signal and triangular carriers base on phase shifted modulation  
The logic to generate the gatings for the IGBTs by comparison of the modulating signal with 
the carrier waves, is described as follow: when the modulating signal (Um) is higher than the 
corresponding carrier Ucr1 and Ucr2 (used to generate gatings for the upper switches S11 and 
S12), the switches S11 and S12 are turned on, in the left legs of power cells H1 and H2, while 
when the modulating signal (Um) is lower than the carriers, Ucr1– and Ucr2- (which are 180° 
out of phase with Ucr1 and Ucr2, respectively), produce the gatings for the upper switches 
S31 and S32, in the right legs of the H-bridge cells. The gate signals for the lower switches in 
the H-bridge legs operate in a complementary manner with respect to their corresponding 
upper switches.  
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Figure 4.4 Logic to generate gating signals for IGBTs based on phase shifted modulation 
The H1 output voltage UH1 is switched either between zero and E during the positive half-
cycle or between zero and -E during the negative half cycle of the fundamental frequency.  
The frequency modulation index is given by the relationship between the frequency of the 
carrier frequency  and the modulating signal ( )  
 
                                                       mf= fcr/fm                                                                      (4-3) 
  
The amplitude modulation index is given by: 
 
                                                      ma= Um/Ucr                                                                   (4.4) 
The frequency of the dominant harmonic in the inverter output voltage represents the inverter 
switching frequency f inv. In general, the switching frequency of the inverter using the phase-
shifted modulation is given by: 
                                               finv= (m-1) fcr                                                                  (4-5) 
The inverter switching frequency for a five level inverter, is given by 4fcr, when the phase-
shifted modulation is used. This is a desirable feature of the multilevel inverter since a high 
value of f inv allows more harmonics in UAB to be eliminated while a low value of fcr helps 
to reduce device switching losses.  The maximum fundamental frequency voltage for ma = 1 
can be found from [6]. 
 
                                     UAB1,max = 0,612(m – 1)E                                                    (4-6) 
4.3.2 Level Shifted Modulation 
As same as the phase-shifted modulation, an m-level Cascaded H-bridge inverter using level-
shifted modulation requires (m–1) triangular carriers, all having the same frequency and 
amplitude. The frequency modulation index is given by mf = fcr/fm, which remains the same 
as that for the phase-shifted modulation scheme whereas the amplitude modulation index is 
defined as: 
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                                               ݉௔ ൌ ௎௠௎௖௥ሺ௠ିଵሻ         for0 ൑ ݉௔ ൑ 1                                (4-7) 
 
where Um is the peak amplitude of the modulating wave  and Ucr is the peak amplitude of 
each carrier. There are basically three types of schemes for the level-shifted modulation:  (a) 
in-phase disposition (IPD), where all carriers are in phase; (b) alternative phase opposite 
disposition (APOD), where all carriers are alternatively in opposite disposition; and (c) phase 
opposite disposition (POD), see figure 4-5: 
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Figure 4.5 Level-shifted modulation for five level inverters a) In phase disposition, b) Alternative 
phase opposite disposition, c) Phase opposite disposition 
 
 
The general logic of the level shifted modulation is described as follow: the uppermost and 
lowermost carrier pair, Ucr1 and Ucr1–, is used to generate the gatings for switches S11 and 
S31 in power cell H1 (see Fig. 4,2). The innermost carrier pair, Ucr2 and Ucr2–, generate 
gatings for S12 and S32 in H2. For the carriers above the zero reference (Ucr1 and Ucr2) the 
switches S11 and S12 are turned on when the modulating signal Um is higher than the 
corresponding carriers. 
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For the carriers Ucr1– and Ucr2– the switches S31 and S32 are turned on when Um is lower 
than the carrier waves. The gate signals for the lower switches in each H-bridge are 
complementary to their corresponding upper switches. 
 
In general, the switching frequency of the inverter using the level-shifted modulation is equal 
to the carrier frequency, from which the average device switching frequency is 
                                               ௦݂௪ ൌ ௙೎ೝ௠ିଵ                                                           (4-8) 
4.4 Comparison between Phase and Level-Shifted Modulation Methods  
A comparison between the modulation techniques described above, is done based on the 
topology shown in fig 4.2. This H-bridge five level inverter is used as the case of study. 
4.4.1 Phase Shifted Modulation Results 
Normally the application of multilevel inverter is for high power application, where low 
frequency of carriers is required (around 600Hz [6]). In the present work, the multilevel 
inverter is used to control a 3kW, 460V induction motor with a subsea pump. Based on this 
theoretical work, the follow parameters are chosen in order to evaluate the performance of the 
modulation technique. Based on equation (4-6), a DC voltage of 190V is chosen in order to 
generate 460VLL.  The main circuit is shown in appendix 2 and results are as follows: 
Frequency of the modulating signal (fm) 50Hz 
Peak amplitude of the modulating signal (Um) 1pu 
Frequency of the carrier wave (fcr) 2,5kHZ 
Peak amplitude of the carrier wave (Ucr) 1pu 
DC voltage per H-bridge cell (E) 190V 
 
Table 4.3 Parameters used for phase shifted modulation technique 
 
Figure 4.6 Waveforms of phase and line to line voltages of a phase A (Phase shifted modulation) 
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From the figure 4.6 can be seen the number of levels generated for the phase voltage (five 
levels) and for the line to line voltage (nine levels) as it was discussed before. 
 
Figure 4.7 Harmonic spectrum of phase and line to line voltages of a phase A (Phase shifted 
modulation) 
Since the dominant harmonics in UAB and UAN are distributed around 10kHZ  and as stated 
earlier, the frequency of the dominant harmonic in the inverter output voltage represents the 
inverter switching frequency, it has demonstrated the equation (4-5) for phase shifted 
modulation.  For the above spectrum and for a fundamental frequency of 50Hz, the THD 
obtained are 9,72% and 6,46% for the phase and line to line voltages respectively. 
4.4.2 Level Shifted Modulation Results 
The three different schemes for the level shifted modulation have been simulated and compare 
them in order to evaluate the content of harmonics. The parameters used are shown in table 
4.4. 
Frequency of the modulating signal wave (fm) 50Hz 
Peak amplitude of the modulating wave (Um) 1pu 
Frequency of the carrier wave (fcr) 10kHZ 
Peak amplitude of the carrier wave (Ucr) 0.5 pu 
DC voltage per H-bridge cell (E) 190V 
 
Table 4.4 Parameters used for level shifted modulation technique 
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4.4.2.1 In Phase Disposition (IPD) 
For the scheme based on phase disposition it has been found that the THD obtained are 6,51% 
and 3,19% for the phase and line to line voltages respectively. The five levels formed in the 
phase voltage and the nine levels formed in the line to line voltage is shown in figure 4.8. The 
harmonic spectrums of those voltages are shown in fig 4.9.  
 
Figure 4.8 Waveforms of phase and line to line voltages of a phase A. Based on phase disposition 
(IPD) 
 
Figure 4.9 Harmonic spectrum of phase and line to line voltages of a phase A. Based on phase 
disposition scheme (IPD) 
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4.4.2.2 Phase Opposite Disposition (POD) 
For the scheme based on phase opposite disposition it has been found that the THD obtained 
are 6,56% and 5,61% for the phase and line to line voltages respectively. 
 
Figure 4.10 Harmonic spectrum of phase and line to line voltages of a phase A. Based on phase 
opposite disposition scheme (POD) 
4.4.2.3 Alternative Phase Opposite Disposition (APOD) 
 
Figure 4.11 Harmonic spectrum of phase and line to line voltages of a phase A. Based on 
alternative phase opposite disposition scheme (APOD) 
For the scheme based on alternative phase opposite disposition it has been found that the THD 
obtained are 5,68% and 5,61% for the phase and  line to line voltages respectively. 
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One of the major adverse effects of harmonics are loses and pulsating torques in the  
induction motors, due to the importance of having less harmonic contents in the machine the 
THD is the main criteria to choose the modulation technique. In conclusion, it can be said that 
level phase shifted modulation produces a lower THD profile of the line to line voltage than 
phase shifted modulation, and within the different schemes analyzed above, in phase 
disposition (IPD) presents the lowest THD of the line to line voltage. Although nowadays 
commercial versions of the H-bridge multilevel inverter use the phase shifted modulation [7], 
the IPD Level shifted modulation scheme is chosen in this work as the modulation technique 
for the multilevel inverter. Table 4.5 summarizes the quantities comparison for H-bridge 
multilevel inverter with different H-bridge power cells per phase. 
Number of H-Bridges per phase (H) 2 3 4 H 
Number of phase output voltage level (n) 5 7 9 2H+1 
Number of line to line output voltage level (N) 9 13 17 4H+1 
Number of carrier signals 4 6 8 2H 
Carrier phase shift displacement 90° 60° 45° 180/H 
 
Table 4.5 Quantities comparison of cascaded H-bridge topology 
 
In the H-bridge multilevel inverter the number of H-bridge cells per phase is primarily 
determined by the inverter operating voltage, harmonic requirements, and manufacturing cost. 
Multilevel inverters with seven to eleven voltage levels has been increasingly used in high-
power medium-voltage (MV) drives, where the IGBTs are exclusively used as switching 
devices. However In the present work, a five level H-bridge cascaded with IPD level shifted 
modulation and switching frequency of 10 kHZ is chosen for the theoretical application of a 
subsea pump. Some features and drawbacks of this kind of topology including: 
It does not require clamping diodes or voltage balancing capacitors, which are required in the 
NPC and the FLC topologies. The number of output voltage levels can then be easily adjusted 
by changing the number of H-bridge cells. Moreover, redundancy can be easily applied to 
enhance the reliability of the entire system. However, the control complexity is directly 
proportional to the number of H-bridge cells. As the number of voltage levels increases, the 
voltage imbalance problem becomes more of a concern.  It needs a number of isolated dc 
supplies which are usually obtained from a multipulse diode rectifier employing an expensive 
phase shifting transformer. 
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5. Control Strategies of Induction Motor Drives 
Two control schemes, field-oriented control (FOC) and direct torque control (DTC), have 
become the industrial standards in high-power medium-voltage (MV) drives. This chapter 
focuses on FOC and DTC schemes for induction motor drives. The chapter starts with the 
dynamic models of the induction motor, follow by the emphasis of the flux oriented control 
scheme and a modified direct torque control based on PWM modulation. 
5.1 Dynamic Model of the Induction Motor 
Basically two commonly dynamic models for the induction motor are used. One is based on 
space vector theory and the other is based on dq-axis transformation. The space vector model 
features compact mathematical expressions and concise space vector diagram, whereas the 
dq-axis model does not need to use complex numbers or variables. Both models are valid for 
the analysis of transient and steady state performance of the induction motor.  
5.1.1 Space Vector Induction Motor Model 
In order to analyze the induction machine, it is assumed the induction motor is three-phase 
symmetrical and its magnetic core is linear with a negligible core loss. An induction machine 
is characterized by the following equations in a reference frame, rotating with the speed ߱[2]:  
 
௦ܷ ൌ ܴ௦݅௦ ൅ ݌߮௦ ൅ ݆߱߮௦ 
                                                     (5.1) 
௥ܷ ൌ ܴ௥݅௥ ൅ ݌߮௥ ൅ ݆ሺ߱െ߱௥ሻ߮௦ 
 
From the above equations, Us and Ur are the stator and rotor voltage vectors, respectively, iୱ 
and i୰  are the stator and rotor current vectors, respectively, ߮௦  and ߮௥  are the complex 
notation of the stator and rotor flux linkages, respectively, ܴݏ, ܴݎ are the stator and rotor 
winding resistance, respectively, ߱ is the rotating speed of an arbitrary reference frame; ߱௥ is 
the rotor angular electrical speed. The flux linkage equations are given by: 
  
߮௦ ൌ ܮ௦݅௦ ൅ ܮ௠݅௥ 
                                                                                                                                           (5.2) 
߮௥ ൌ ܮ௥݅௥ ൅ ܮ௠݅௦ 
 
where ܮ௦ ൌ ܮ௟௦ ൅ ܮ௠ and  ܮ௥ ൌ ܮ௟௥ ൅ ܮ௠ represents the stator self-inductance and rotor self-
inductance respectively, ܮ௟௦ , ܮ௟௥  and ܮ௠  are the stator, rotor leakage inductances and the 
magnetizing inductance respectively. The representation of the above equations is shown 
below: 
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Figure 5.1 Space vector model of an induction motor 
In order to describe the mechanical behavior of an induction motor, the following equations 
are valid: 
                                                                                
ܬ
ܲ ݌߱௥ ൌ ௘ܶ െ ௅ܶ 
                                                                                                                                               (5-3)   
௘ܶ ൌ 3ܲ2 ܴ݁ሺ݆߮௦݅௦
כሻ ൌ 3ܲ2 ܴ݁ሺ݆߮௥݅௥
כሻ 
 
From the above equations J is the inertia of the rotor and load, P is the number of pole pairs, 
TL is the load torque, and Te is the electromagnetic torque. 
5.1.2 dq-Axis Motor Model 
The induction motor dq-axis model can be derived using three-phase circuit theory and then 
transformed into the two-phase (dq-axis) frame [1]. Alternatively, it can also be obtained by 
decomposing the space vectors into the d- and q-axis components [2], as follow: 
 
௦ܷ ൌ ܷௗ௦ ൅ ݆ܷ௤௦                 ݅௦ ൌ ݅ௗ௦ ൅ ݆݅௤௦                   ߮௦ ൌ ߮ௗ௦ ൅ ݆߮௤௦ 
                       
(5.4) 
௥ܷ ൌ ܷௗ௥ ൅ ݆ܷ௤௥                 ݅௥ ൌ ݅ௗ௥ ൅ ݆݅௤௥                     ߮௥ ൌ ߮ௗ௥ ൅ ݆߮௤௥ 
 
Substituting (5-4) in (5-1) the dq-axis voltage equations for the stator and rotor if the 
induction motor can be obtained: 
 
ܷௗ௦ ൌ ܴ௦݅ௗ௦ ൅ ݌߮ௗ௦ െ ߱߮௤௦ 
 
ܷ௤௦ ൌ ܴ௦݅௤௦ ൅ ݌߮௤௦ െ ߱߮ௗ௦ 
                       
(5.5) 
ܷௗ௥ ൌ ܴ௥݅ௗ௥ ൅ ݌߮ௗ௥ െ ሺ߱െ߱௥ሻ߮ௗ௥ 
 
ܷ௤௥ ൌ ܴ௥݅௤௥ ൅ ݌߮௤௥ ൅ ሺ߱െ߱௥ሻ߮ௗ௥ 
 
 
Replacing (5-4) in (5-2) the stator and rotor flux-linkages can be obtained by: 
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߮ௗ௦ ൌ ܮ௟௦݅ௗ௦ ൅ ܮ௠ሺ݅ௗ௦ ൅ ݅ௗ௥ሻ 
 
߮௤௦ ൌ ܮ௟௦݅௤௦ ൅ ܮ௠ሺ݅௤௦ ൅ ݅௤௥ሻ 
                                                                                                                                               (5-6) 
߮ௗ௥ ൌ ܮ௟௥݅ௗ௥ ൅ ܮ௠ሺ݅ௗ௦ ൅ ݅ௗ௥ሻ 
 
߮௤௥ ൌ ܮ௟௥݅௤௥ ൅ ܮ௠ሺ݅௤௦ ൅ ݅௤௥ሻ 
 
Normally the electromagnetic torque can be expressed as: 
 
                                                            ௘ܶ ൌ ଷଶ ܲሺ݅௤௦߮ௗ௦ െ ݅ௗ௦߮௤௦ሻ                                              (5-7) 
5.2 Field Oriented Control (FOC) 
This method was developed around 40 years ago. In 1971 F. Blaschke [2] presented the first 
paper on field-oriented control (FOC) for induction motors. Since that time, the technique was 
completely developed and today is mature from the industrial point of view. Today field 
oriented controlled drives are an industrial reality and are available on the market by several 
producers and with different solutions and performance [3]. Basically the method 
demonstrates that an induction machine can be controlled like a separately excited dc motor. 
This means there is a decoupling effect between the torque and the flux with an excellent 
dynamic performance.  
5.2.1 Principle of Operation 
In a dc machine, neglecting the armature reaction effect and field saturation, the developed 
torque is given by: 
                                                                ௘ܶ ൌ ܭ௔߮௙݅௔                                                                (5-8) 
 
Where ܭ௔ is an armature constant, ݅௔ is the armature current, ߮௙ is the flux produced by the 
field current. In high performance dc drives, ߮௙ is perpendicular to the flux produced by the 
armature current ݅௔ . These space vectors are orthogonal and decoupled in nature. It means 
that when  ߮௙ remains constant by keeping constant the field current ݅௙, the torque can be 
directly controlled by ݅௔. The control of induction motors can be done based on the dc drives 
control. Using a proper field orientation, the stator flux can be decomposed into a flux-
component and torque-component. These two components can be controlled independently.      
There field oriented control can be implemented based on the orientation of the stator flux, air 
gap flux and rotor flux. The orientation of the rotor flux has been used widely because of it 
gives natural decoupling control, while decoupling compensation currents have to be used 
when the stator flux or air gap used are orientated [4]. In this work the control is developed 
based on the rotor flux orientation. 
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5.2.2 Rotor Flux Orientation 
The correct rotor flux orientation of the rotor flux vector φ୰ is achieved by the alignment of d-
axis frame, which is rotating at synchronous speed with respect to stationary frame, as is 
shown in figure 5.2. 
r
e
sl
dr
r
si
qsi
dsi
r
 
Figure 5.2 Rotor flux field orientation 
 
5.2.3 Methods Based on FOC 
In an induction machine the rotor speed is not equal to the rotor flux speed (there is a slip 
speed), then it is necessary a method to calculate the rotor flux angle θ୤. Several schemes have 
been proposed to find it, due this, the field orientation method can be classified into direct and 
indirect field oriented controls. If the rotor flux angle θ୤ is calculated using the measured of 
the terminal voltages and currents, the method is direct field-oriented control. If the rotor flux 
angle θ is obtained from detected rotor position angle θ୰ and calculated the slip angle θୱ୪, the 
method is known as indirect field oriented control [5].  In this work an indirect field oriented 
control has been used to control a subsea pump. The method is described below 
5.2.3.1 Indirect Field Oriented Control 
A speed sensor (encoder) is required in the method. The rotor flux angle θୱ୪ is obtained from 
the measured rotor speed ω୰  and from the calculation of the slip angle ωୱ୪based on the 
parameters of the machine. A typical scheme of the indirect FOC is shown in figure 5.3. 
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Figure 5.3 Indirect field oriented control with rotor flux orientation 
Since the rotor speed ߱௥ is directly obtained, the rotor flux angle ߠ௦ can be found as: 
                                                                ߠ௦ ൌ ׬ሺ߱௥ ൅ ߱௦௟ሻ ݀ݐ                                                    (5-9) 
The slip frequency ߱௦௟ can be derived from the synchronous frame motor model, where:                                  
                                                      
                                                              ݌߮௥ ൌ െܴ௥݅௥ െ ݆߱௦௟߮௥                                                      (5-10)     
The rotor current is given by: 
                                                             ݅௥ ൌ ଵ௅ೝ ሺ߮௥ െ ܮ௠݅௦ሻ                                                      (5-11) 
Replacing (5.11) in (5.10): 
                                            ݌߮௥ ൌ െோೝ௅ೝ ሺ߮௥ െ ܮ௠݅௦ሻ െ ݆߱௦௟߮௥                                                    (5-12) 
Defining the rotor time constant ߬ as: 
                                                                 ߬ ൌ ௅ೝோೝ                                                               (5-13)                   
Writing (5-12) into dq-axis components and taking into account the rotor flux orientation 
(݆߮௤௥ ൌ 0)  and ሺ߮ௗ௥ ൌ ߮௥)  the next equations are obtained:            
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߮௥ሺ1 ൅ ݌߬௥ሻ ൌ ܮ௠݅ௗ௦ 
                                                                ߱௦௟߬௥߮௥ ൌ ܮ௠݅௤௦                                                        (5.14) 
߱௦௟ ൌ ܮ௠߬௥߮௥ ݅௤௦ 
Normally during operation ߮כ௥ is kept constant during operation (݌߮כ௥ ൌ 0) therefore, ݅כௗ௦ 
can be expressed as: 
                                                                  ݅כௗ௦ ൌ ଵ௅೘ ߮
כ
௥                                                            (5.15) 
The q-axis current reference can be written from the torque equation (5-8) as: 
                                                              ݅כ௤௦ ൌ ଵ௄೅ఝכೝ ܶ
כ௘                                                          (5-16) 
From (5-16) can be said that for a given ߮כ௥ the torque producing current is proportional to 
ܶכ௘. 
5.3 Direct Torque Control (DTC) 
In the mid-1980s a technique for the torque control of induction motors was developed and 
presented by I. Takahashi as direct torque control (DTC) [5]. Since the beginning, the new 
technique was characterized by simplicity, good performance and robustness. Using DTC it is 
possible to obtain a good dynamic control of the torque without any mechanical transducers 
on the machine shaft. Thus, DTC can be considered as “sensorless type” control techniques. 
Different schemes have been developed based on the DTC principle. The classical method 
and a modified version of DTC is shown in the present work. 
5.3.1 Principle of Direct Torque Control  
One of the ways to express the torque developed by an induction motor is shown in equation 
(5-17): 
                                                             ௘ܶ ൌ ଷ௉ଶ
௅೘
ఙ௅ೞ௅ೝ ߮௦߮௥ݏ݅݊ߠ்                                                      (5-17) 
Where θT  is the angle between the stator flux vector and the rotor flux vector, called torque 
angle. Therefore the torque can be controlled by using this angle. The main variable 
controlled in DTC is the stator flux vector φୱ, it relates the stator voltage Uୱ by: 
                                                       ݌߮௦ ൌ ௦ܷ െ ܴ௦݅௦                                                          (5-18) 
The equation shows that the stator flux reacts to changes in the stator voltage, which is the 
same as the inverter output voltage. The method is based on controlling that voltage using a 
reference voltage in the space vector modulation. Since the reference voltage is synthesized 
by the stationary voltage vectors of the inverter, a proper selection of the stationary vectors 
can make the magnitude and angle of the stator flux adjustable. 
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Figure 5.4 shows a typical scheme based on direct torque control, as same as FOC, the 
method controls the flux and torque separately. The stator flux reference and torque reference 
are compared with the estimated values of flux and torque respectively. Those errors are sent 
to hysteresis comparators. The outputs of the comparators are sent to switching logic unit for 
proper selection of the voltage vectors (switching states) of the inverter. 
*
s
s *eT
eT
C
 TC
 
Figure 5.4 Classic Direct torque control scheme 
Both comparators are hysteresis type, whose transfer characteristics are shown in figure 5.5. 
The flux comparator has two levels (+1,-1) while the torque comparator has three levels 
(+1,0,-1), where +1 means that a increase in φୱ or θT is required. -1 demands a decrease in φୱ 
or θT, while 0 means no changes. 
*
s s s    
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e e eT T T  
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Figure 5.5 Characteristics of hysteresis comparators 
The inputs of the switching table are the outputs of the comparators and the sector number (it 
depends of the number of levels of the multilevel inverter). The output of the comparators 
decide which voltage vector should be chosen.  
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5.3.1.1 Modified Direct Torque Control 
In the classical DTC algorithm, the decoupling of nonlinear AC motor characteristics is 
achieved by the on-off operation of the hysteresis controller. However, the number of 
switching states of multilevel inverters is Mଷ  (where M is the level number of multilevel 
inverters). For example, for a five level inverter, there are 125 switching states. Of course 
there are some redundancies states, but the switching table is still difficult to form. In [6] the 
hysteresis PWM controller has been replaced by space vector modulation (SVM) in DTC to 
make torque response smooth and switching frequency fixed.  In according with the literature 
review, the main issues of traditional DTC are the large torque ripples and unfixed switching 
frequency [7]. In order to avoid these problems, space vector modulation has been adopted to 
DTC method. In this work the DTC implemented is based on the modified version described 
above but it has been implemented instead of space vector modulation, PWM carrier 
modulation.  
In according with [6], the use of space vector modulation with DTC produces an improvement 
performance of the speed control of high-voltage motors, a reduction of the harmonic content 
of output voltage and current, and the torque ripple can also be further lighten. 
The modified DTC scheme is shown in figure 5.6. Here the hysteresis comparators have been 
replaced by PI controllers.  
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Figure 5.6 Scheme diagram of DTC for conventional carrier PWM  
In the scheme diagram shown above, the observation model to estimate the torque and flux is 
same as classic DTC. After the calculation of the flux error and torque error, as for how to 
decide the desired voltage vector by them, several effective strategies have been proposed [9]. 
The scheme of using two PI controllers (one for flux and one for torque) to derive the 
inverter’s command signals (ܷௗ,ܷ௤ ) has been adopted in this work, and its principle is 
illustrated below.  
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The dq components of the reference voltage vector in a stator flux reference frame are given 
by: 
 
                                                 ܷ௦ௗכ ൌ ቀܭ௣ఝ ൅ ௄಺ക௦ ቁ ∆߮௦                                                           (5-19) 
                                            ܷ௦௤כ ൌ ቀܭ௣் ൅ ௄಺೅௦ ቁ ∆ ௘ܶ ൅ ߮௦߱ఝ௦                                                 (5-20) 
The stator flux can be estimated from equation (5-18) by: 
                                                 ߮௦ ൌ ׬ ሺ ௦ܷ െ ܴ௦݅௦ሻ݀ݐ௧଴                                                              (5-21)       
 
The flux variation in a sample time is given by:         
 
                                              ∆߮௦ ൌ ሺ ௦ܷ െ ܴ௦݅௦ሻ ௦ܶ                                                             (5-22) 
 
In a stationary reference frame and from two successive estimations of the stator flux:  
 
                                ߮௦ሺ݊ ൅ 1ሻ െ ߮௦ሺ݊ሻ ൌ ሺ ௦ܷሺ݊ሻ െ ܴ௦݅௦ሻ ௦ܶ                                                (5-23) 
 
At high speed, the voltage drop (Rୱiୱ) can be neglected and the voltage becomes proportional 
with the flux change and with the switching frequency 1/Ts [8]. Therefore the equation is 
obtained as: 
                             ∆߮௦ ൌ |߮௦ሺ݊ ൅ 1ሻ| െ |߮௦ሺ݊ሻ| ൎ ܷௗ ௦ܶ                                                  (5-24) 
 
For each sampling period Ts, one can approximate the voltage as: 
 
                                             ܷௗ ൌ ∆ఝೞೞ்                                                                              (5-25) 
 
If the stator flux is constant, the torque can be controlled by the imaginary component ܷ௤ 
 
                              ܷ௤ ௦ܶ ൌ |߮௦ሺ݊ ൅ 1ሻ| sinሺ∆ߠሻ ൎ |߮௦ሺ݊ ൅ 1ሻ|∆ߠ ൎ ߮௦כ∆ߠ                        (5-26) 
 
where is obtained: 
 
                                                              ܷ௤ ൌ ∆ఏೞ் ߮௦
כ ൌ ߱௘߮௦כ                                                     (5-27) 
 
One of the ways to express the relationship of the electric torque and flux is given by: 
 
                                                    ௘ܶ ൌ ଷଶ
௣
௅ೞ ሺ߮௥ ൈ ߮௦ሻ                                                    (5-28) 
 
The equation (5-28) shows that the control of the electric torque can be done by changing the 
angle between stator flux and rotor flux under the condition of their amplitudes are constant. 
Because of the large inertia of rotor, its flux cannot be changed suddenly [8].  
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Thus the electric torque can be regulated by changing the stator flux speed ߱௘. The equation 
(5-27) shows that stator flux speed is decided by ܷ௤, so the electric torque can be regulated by 
ܷ௤. 
With base on the modified DTC described above and from the above analysis, it can said that 
the amplitude of stator flux is decided by ܷௗ, and the electric torque is decided by ܷ௤,  when 
the flux amplitude is constant. Using two PI controllers to regulate flux and electric torque 
respectively, the  ܷௗ  and ܷ௤ , can be obtained in order to use them for either space vector 
modulation or PWM carrier modulation. 
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6. Modelling and Simulation Results 
This chapter starts with an overview of the methods to implement current controllers needed 
to control AC drives. The main results obtained from the field oriented control and modified 
direct torque control and their respectively analysis are shown in detail. 
6.1 Current Control 
As is presented in chapter 5, field oriented control and direct torque control need an inner loop 
to control the current and generate the input references for the multilevel inverter. Several 
ways to implement those controllers can be mentioned as: 
 Hysteresis control 
 Stator frame PI controllers 
 Synchronous frame PI controllers 
6.1.1 Hysteresis Control 
This method is based on the measure of the phase current and then subtracts it from its 
reference signal (a sinusoid). The error signal is then fed to a hysteresis comparator, the 
output of which forms the gate signal to the respective inverter leg. The method is shown in 
figure 6.1. 
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Figure 6.1 Hysteresis control 
 One of the advantages of this control method is that pulse width modulation (PWM) is made 
directly by the controller. Therefore no additional circuit or algorithm is required. The 
switching frequency is varied modifying the tolerance band of the hysteresis comparator. The 
difficulty of implementation in digital devices is one of the main drawbacks of this method 
[1]. 
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6.1.2 Stator - Frame PI Control  
For this scheme is common to use two standard PI controllers (one each for the α and β axes). 
The controller outputs are used as command signals to a PWM circuit. Unlike hysteresis 
control, this scheme uses two stages: control and modulation. One of the advantages of this 
scheme is that any PWM scheme can be employed. The drawback of this control scheme is 
that the actual current will not follow the reference in the steady state [2]. The control scheme 
is shown in figure 6.2. 
*i
i
*i
i
si


 
Figure 6.2 Stator-frame PI Control 
6.1.3 Synchronous - Frame PI Control 
The drawback of stator-frame PI control can be solved. The αβ sinusoidal signals can be dq 
transformed to the synchronously rotating reference frame, i.e. to DC signals in the steady-
state, where standard PI control works properly. The coordinate transformation requires some 
multiplications and the calculation of sine and cosine of the transformation angle.  
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Figure 6.3 Synchronous-frame PI Control 
Synchronous-frame PI controllers is the most attractive choice for current control, due to their 
simplicity and ability to provide satisfactorily good performance. 
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6.2 Indirect Field Oriented Control (IFOC) 
The implementation of the indirect field oriented control scheme shown in figure 5.3 using 
PSIM is described in figure 6.4. Here synchronous frame PI controllers are implemented. 
Therefore, the stator current measurements are transformed to a synchronously rotating 
reference frame dq.  
 
Figure 6.4 Indirect field oriented controller implemented in PSIM 
Currents Id and Iq come from the park transformation of the stator currents. The reference 
flux used for the induction motor control is set to 0,65T. Therefore and in according with the 
equation (5-15), the current reference Ids is given by: 
                                                    Ids=0,65T/0,041H=15,8A                                                (6-1) 
From equation (5-13) the rotor time constant τ is defined by: 
                                      τ=Lr/Rr=(0,74mH+41mH)/0,156Ώ = 0,26                             (6-2) 
The angular slip frequency ωsl defined in (5-14) can be written using (5-15) as: 
                                                       ωsl= (1/ τ) (iqs/ids) =3,8(iqs/ids)                                        (6-3) 
With ωsl as a known value and ωr in rad/sec, the rotor flux angle θs can be found from:  
                                                             dΘs/dt= (ωr+ ωsl)                                              (6-4) 
This angle is used to make the transformation of the stator currents to a synchronously 
rotating reference frame dq.  
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6.2.1 Speed Loop Controller 
PI controllers have been used to adjust the system for desired responses. The tuning of the 
controller parameters (gain and time constant) is a compromise between speed of response 
and stability for small disturbances as well as the robustness to tolerate large signal 
disturbances. The function of the external PI controller used in the speed loop is to set the i୯ 
reference. The gain settings of this controller have been made such that it stabilizes the speed 
error and gives fast speed response. Because of the electric dynamic of the machine is faster 
than the mechanical dynamic of the machine, the speed controller has to be slower than the 
inner control loop response. A trial and error method is used to find the gain and time constant 
of the controller. The procedure to set up the controller parameters is shown in appendix 3. 
 
 
Figure 6.5 Step response of the speed controller 
From figure 6.5, for a speed reference of 1400RPM, the steady state is reached at 1,5 sec. The 
value selected for the speed loop PI controller K୮ ቀ1 ൅ ଵT౟ቁ is proportional gain (Kp) = 1 and 
time constant (Ti) = 0,05. A hysteresis band is used in the output of the speed control loop in 
order to limit the maximum electric torque developed during transient periods, this value is 
fixed in (-50, +50). 
6.2.2 Inner Current Loop Controller 
Here synchronous frame PI controllers are implemented. The PI controllers define the 
reference for Ud and Uq which are the inputs of the modulation technique. The machine is 
described by a first-order complex-valued system: 
                                                           ܩሺܵሻ ൌ ଵோା௅ௌ                                                         (6-5) 
Where G(S) is the transient equivalent circuit transfer function, R=Rs+Rr and L=Ls+Lr. 
Therefore, the stator current loop with PI control is defined as figure 6.6: 
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Figure 6.6 Inner current loop with PI control 
 
A fast controller is necessary for the inner current loop. Generally the parameters of the PI 
controller are chosen by trial and error. A typical way to define the rise time is based on the 
switching frequency of the inverter as follow [3]: 
                                                      ௦݂௪ ൒ ହ୪୬ ሺଽሻଶగ௧ೝ ൌ
ଵ,଻ହ
௧ೝ                                                      (6-6) 
For a step input the rise time is chosen as 0,1s is suggested in [4]. It is clear that with a 
switching frequency of 10 kHZ the rise time fulfils the equation (6-6). Those parameters are 
found as: proportional gain (Kp) = 0.02 and time constant (Ti) = 0,001. Because of the inner 
Id current loop is the same as Iq. The parameters of the PI controllers are the same. Therefore, 
it is enough to set up the PI parameters for one of them. 
 
Figure 6.7 Step response of the inner current loop controller 
Figure 6.7 shows the step response of both inner current loop controllers. The procedure to set 
up the PI parameters, it is shown in appendix 4. 
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6.2.3 Simulation Results  
Indirect field oriented control has been carried out by numerical simulations using PSIM, this 
tool was chosen because of the high speed running simulations using drives. Based on the 
above parameters and numerical calculations described above, and with a variation of the load 
of 20Nm at 1sec the results are as follows:  
Figure 6.8 Speed response (rated speed=1460RPM) (IFOC) 
 
Figure 6.9 Speed variation at t=1 s when a load of 20Nm is connected (IFOC) 
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The machine initially operates at zero speed. The machine accelerates under no-load 
conditions until the rated speed of 1460RPM is reached at 0,45 s as is shown in figure 6.7. A 
load of 20Nm is connected to the machine at time instant of 1 s and the speed drops to 1450 
RPM. The controller takes 0,16 s to recover the speed to the rated value (see figure 6.9). 
The variations of the mechanical torque can be understood as variation of the volume of oil 
during the operation of the subsea pump. In this case and increasing of in the load of 20Nm is 
considered. 
 
Figure 6.10 Torque response (IFOC) 
From the simulation result shown in figure 6.10 it is observed that electrical torque developed 
during the transit period is limited to the rated value 36Nm. When the machine achieves the 
steady state the electric torque is equal to the mechanical torque, as is demonstrated in the 
general equation (5-3) of the machine. The torque contains ripple due to the switching 
frequency. The ripple value is 2.5%.  
The figure 6.10 shows the behavior of the stator currents during the transient and steady state 
periods.  From figure 6.11 can be noted that during the transient period the current is 
increased until 1.5p.u. During the non load conditions of the machine, the current is remained 
in 15.8A. When the load is connected at 1 s. the current achieves a value of 20A given by the 
new electrical torque. The fundamental frequency of the currents is shown in figure 6.12. 
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Figure 6.11 Stator currents (IFOC) 
 
Figure 6.12 Stator currents fundamental frequency (IFOC) 
The phase voltage (five levels) generated by the inverter in phase A is presented in figure 
6.13. During the transient period only two levels are generated, as soon as the steady state is 
achieved, the completed levels are formed. The inverter phase voltage contains third 
harmonics as is shown in figure 6.15 and the THD in steady state is 9%. However using level 
shifted modulation a reduced in the THD is obtained as is illustrated in chapter 4. 
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Figure 6.13 Phase voltage waveform (IFOC) 
 
Figure 6.14 Phase voltage waveform in steady state (IFOC) 
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Figure 6.15 Phase voltage harmonic spectrum (IFOC) 
 
6.3 Modified Direct Torque Control (MDTC) 
There are many ways to implement a control method based on DTC [5]. However a modified 
direct torque control is used in the work because of the interest in compare both methods 
under the same PWM modulation method. The basic scheme of this method described in 
chapter 5 is presented in figure 6.16. 
 
Figure 6.16 Modified direct torque controller implemented in PSIM 
In the control shown above, the stator currents and the stator voltages are measured and 
transformed to a stator frame by using the Clarke transformation, those voltages and currents 
are used to calculate the stator flux and the electrical torque as follow: 
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The stator flux vector ߮௦തതത in the stationary frame can be expressed as: 
߮௦തതത ൌ ߮ఈ௦ ൅ ݆߮ఉ௦ 
                                                             ߮ఈ௦ ൌ ׬ሺܷఈ௦ െ ܴ௦݅ఈ௦ሻ݀ݐ                                                (6-7) 
߮ఉ௦ ൌ නሺܷఉ௦ െ ܴ௦݅ఉ௦ሻ݀ݐ 
 
From which it is magnitude and angles are given by: 
                                                                    ߮௦ ൌ ට߮ఈ௦ଶ ൅ ߮ఉ௦ଶ                                                       (6-8) 
                                                                       ߠ௦ ൌ tanିଵ ఝഁೞఝഀೞ                                                        (6-9) 
Where ܷఈ௦, ఉܷ௦, ݅ఈ௦, ݅ఉ௦ are the measured stator voltages and currents. The developed electric 
torque can be calculated by: 
                                                                 ௘ܶ ൌ ଷ௉ଶ ሺ݅ఉ௦߮ఉ௦ െ ݅ఈ௦߮ఈ௦ሻ                                          (6-10) 
The above equations show that the stator flux and the electric torque can be estimated by 
using measured stator voltages and currents. The only motor parameter needed in the 
calculations is the stator resistanceܴ௦. Unlike the indirect field oriented control, where almost 
all the parameters are used. The same machine parameters and references described in the 
indirect field oriented control are used in the modified direct control method. 
6.3.1 PI Controllers tuning 
The selection of parameters of the PI controllers has been carried out under the same 
considerations as in the indirect field oriented control. The design of the flux controller is 
based on equation (5-19) and because of the relation shown in equation (5-25), it is enough 
with a proportional gain to control the flux during the operation of the machine. This 
controller set up the reference voltage ܷௗ. The proportional uses the value ܭ௣ఝ ൌ 700.  
The function of the PI controller used in the speed loop is to set the torque reference TEכ. 
However the linear relation between the speed and the torque allows using a simple 
proportional gain to stabilize the speed error and gives fast speed response. The gain setting of 
this loop controller is ܭ௣்= 1.75. 
The PI controller used to set the voltage U୯ is based on equation (5-20), a paper [6] suggest 
that the calculation precision of the second term of this equation is not so important, since a PI 
regulator is present on the torque and it corrects the real value of torque. The gain values of 
those parameters are ܭ௣ ൌ 0.005 and ܭ௜ ൌ 0.5. The generated voltages ܷௗ .and ܷ௤  are then 
transformed to and abc reference frame in order to be the input references of the modulation 
technique.  
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6.3.2 Simulation Results  
As is illustrated in figure 6.16 the machine achieves the rated speed at 0,4 s and it tries to 
reach the steady state faster than the IFOC method. A constant load of 20 Nm is connected to 
the machine at 0,5s and the speed drops to 1443 RPM. The control method takes 0,2 s to 
recover the rated speed as is present in figure 6.18. 
 
Figure 6.17 Speed response (rated speed=1460RPM) (MDTC) 
 
Figure 6.18 Speed variation at t=0,5 s when a load of 20Nm is connected (MDTC) 
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The figure 6.19 shows the performance of the torque response, a ripple of 10% is presented 
during the estimation of the electrical torque.  During the transient period the torque is limited 
by the rated torque of the machine. 
 
Figure 6.19 Torque response (MDTC) 
The torque ripple is one of the drawbacks of the DTC classic method, different proposals such 
as the increasing the inverter switching frequency have been published in the literature [7][8]. 
However, due to the processor's inability to operate above certain frequency, there are 
limitations to increase the switching frequency beyond certain level, without using extra 
hardware. Therefore, improvements on the modulation technique and controllers have been 
other alternatives to solve this problem [9]. 
Figure 6.20 presents the stator currents during the transient and steady state periods. During 
the transient periods the current is very high and a hysteresis band should be used in order to 
limit the currents in 1,5 p.u. With help of a Fourier transformation the fundamental frequency 
is shown in illustrated in figure 6.21. 
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Figure 6.20 Stator currents (MDTC) 
 
Figure 6.21 Stator currents fundamental frequency (MDTC) 
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Figures 6.22 and 6.23 present the phase voltage during the transient and steady state periods 
respectively.  As same as the IFOC the complete five voltage levels are formed when the 
machine reaches the steady state. The THD of the phase voltage is equal to 8,4%. 
 
Figure 6.22 Phase voltage waveform (MDTC) 
 
Figure 6.23 Phase voltage waveform in steady state (MDTC) 
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6.4 Comparison between IFOC and MDTC Methods 
With base on the simulation results obtained from the previous sections a comparison between 
the two schemes is presented in table 6.1. 
Comparison IFOC MDTC 
Motor parameters requiered Rs, Lls, Llr, Lm, Rr Rs 
Sensitivity to motor parameter variations Very sensitive Not sensitive 
Speed controller response 0,16 s 0,2 s 
Phase Voltage THD 9 % 8,40 % 
Torque ripple 2,50 % 10 % 
 
Table 6.1 Comparison between IFOC and MDTC methods 
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7. Discussion and Conclusion 
A simulation model of systems consisting of a multilevel inverter and an induction machine 
with a subsea load has been developed. In most applications the motor is fed via a long cable 
in the range of several tenths of kilometers between the inverter and the motor. However, this 
system represents the new trend to control the torque and the speed for subsea applications, 
where the drive and the load are close each other avoiding the drawbacks of having a long 
cable between them.   
The system has been analyzed with the objective to compare two control methods and verify 
their performance. Results are related to the base case with a cascaded H-bridge five level 
inverter and 3kW squirrel cage motor. Based on the analysis of such systems the following 
general conclusions are drawn. 
For subsea systems fed by a drive through a long cable, the effects described in chapter 2 such 
as resonance frequencies, high dv/dt on the motor terminal voltages and bearing currents are 
remedied through the use of appropriate filters. The new trend of having subsea drives 
appears as a solution for those issues and contributes to improve reliability of PWM motor 
drive systems. 
The main difference between the two control methods can be noted in the sensitivity of the 
parameters and the torque ripple. The implementation of them demands accurate information 
on motor parameters. However, parameters such as rotor and stator resistances may vary 
during operating conditions due to the temperature.  In that sense, Modified direct torque 
control may have a better performance for practical implementations. However for 
applications where the estimation of the torque is very important, indirect field oriented 
control may have better results. 
Most of the drawbacks mentioned in previous chapters specially those related to torque ripple 
can be solved using different control techniques and other type of modulation techniques such 
as space vector modulation. Nowadays there are different ways to implement the two control 
methods: field oriented control and direct torque control. In modern drives, different 
alternatives to replace the conventional PI controllers and conventional PWM modulation 
technique have been replaced by model predictive control and space vector modulation 
showing with a high performance. 
The innovation of more reliable and efficient subsea systems for oil and gas sector is one of 
the major challenges of the suppliers. The use of appropriate topologies and control systems 
in power electronics is the key to create new devices demanded by the industry. The induction 
motor is today the most widely used load for adjustable speed drive applications. This is due 
to its ruggedness, maintenance and many other advantages compared to other machines. Field 
Oriented Control and Direct Torque Control have become the standard control solutions to 
achieve high dynamic performance of the machine. There are many ways to implement both 
methods. A comparison between two schemes based on conventional PWM has carried out in 
this thesis. Both control methods require the employment of current loops, PI regulators, 
coordinates transformations and so on. Based on numerical simulations a good performance 
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of both controllers was obtained and the whole performance of the two control methods is 
comparable. Although the thesis is based on a theoretical research, the concepts and 
applications can be used for other topologies of multilevel inverters and typical medium 
drives for industrial applications. Moreover, the control methods can be used for Permanent 
Magnet (PM) synchronous motors which they have been very attractive for certain 
applications due to the high efficiency, high steady state and torque density. 
8. Future Work 
Since multilevel inverter fed motor drives have gained special attention in the industry and 
academia as the preferred choice of electronic power conversion for high power applications, 
there are still quite a few important aspects to be solved. 
First, as the present work has been carried out for a small machine. It can be extended for 
typical rated values of drives in the industry, up 12MW. It means that an H-bridge cascaded 
multilevel inverter with four (4) and (6) cells per phase in order to generate the desired 
voltage of 4,16kV and 6kV respectively are needed. Both control methods have been 
evaluated with an H-bridge cascaded multilevel inverter. By the use of the other two typical 
configuration of multilevel inverters: diode-clamped (or neutral-point-clamped) and flying-
capacitor the control methods should be developed.  
The conventional PWM modulation technique was implemented for both control methods. A 
comparison with base on space vector modulation technique should be analyzed in order to 
see the advantages and/or drawbacks in the control performance.  
Finally and because of the wide use of DTC and FOC in drives, more efficient inner loop 
controllers should be explored in order to replace the implemented PI controllers. Model 
predictive control allows to control a plant within their bounds while optimize a variable of 
interest. This basic idea can be used to control flux and torque while reduce one of the main 
concerns in multilevel inverters such as the switching frequency and/or the switching losses 
and harmonics. 
9. Appendixes 
 
The main appendixes are as follows: 
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Appendix 3 
 
%Tunning PI controller of speed Indirect Field oriented control 
  
clc 
clear all 
  
Rs=0.294;   %Stator resistance 
Rr=0.156;   %Rotor resistance 
Ls=0.00139; %Stator inductance 
Lr=0.00074; %Rotor inductance 
Lm=0.041;   %Magnetizing inductance 
LR=Lr+Lm; 
  
R=Rs+Rr; 
L=Ls+Lr; 
Tr=(Lr+Lm)/Rr;% Time constant of Rotor 
Id=15.8; 
  
H=Rr/(LR*Id); %Plant transfer function 
Kp=1;         %Proportional gain of PI Controller 
Ti=0.05;       %Time constant of PI Controller  
PI=Kp*(1+tf(1,[Ti 0])); 
  
A=PI*H; 
R=A/(1+A); 
Iref=1460; 
step(R*Iref,1.5) 
grid on 
 
 
 
 
 
 
 
 
 
 
 
Appendix 4 
 
 
%Tunning of inner PI Controller for Currents Isd and Isq  (Indirect field 
oriented control) 
  
clc 
clear all 
  
  
%Motor 460V, 3kW 
  
Rs=0.294;     %Stator resistance 
Rr=0.156;     %Rotor resistance 
Ls=0.00139;   %Stator inductance 
Lr=0.00074;   %Rotor inductance 
Lm=0.041;     %Magnetizing inductance 
La=Ls-(Lm^2/Lr) 
  
R=Rs+Rr; 
L=Ls+Lr; 
  
num=[1]; 
den=[L R]; 
H=tf(num,den); 
  
Kp=1; 
Ti=0.05; 
PI=Kp*(1+tf(1,[Ti 0])) 
A=PI*H; 
R1=A/(1+A); 
Iref=15.8; 
step(R1*Iref,0.2) 
grid on 
 
Appendix 5. Indirect Field Oriented Control Scheme 
 Appendix 6. Modified Direct Torque Control 
